Most cancer forms known to be caused by viruses are increased among the immunosuppressed, but several cancer forms without established viral etiology are also increased, notably nonmelanoma skin carcinoma (NMSC). We followed all 13,429 solid organ transplantation patients in Sweden for cancer occurrence after transplantation. We requested these tumor specimens and sequenced the first 89 specimens received (62 NMSCs, 27 other cancers). The sequences were analyzed for viruses based on two bioinformatics algorithms (paracel-blast (sensitive for detection of known viruses) and hidden Markov model (HMM; sensitive for distantly related viruses)). Among the 62 NMSCs, the virus family detected in the largest proportion of specimens was Mimiviridae (9/62 NMSCs). The majority of the virus-related reads belonged to Papillomaviridae. The HMM analysis identified 86 additional previously not described viral contigs related to 11 virus families, with reads related to Mimiviridae being the most common (detected in 28/62 NMSCs) with the most prevalent contig (Mimivirus SE906, 1937 bp) detected in 17/62 NMSCs. Among the 27 other cancers, viral sequences were detected in only 5 specimens by blast analysis, compared to in all 27 specimens by HMM (Mimiviridae, Poxviridae, Phycodnaviridae and virus-related sequences yet unclassified to any family). 99% of the virus reads belonged to a single previously not described sequence (Mimivirus SE996, 911 bp). A multitude of viruses is readily detectable in specimens with cancers occurring among the immunosuppressed, with sequences related to Mimiviridae being the most prevalent. Further research would be needed to elucidate the biological significance of the viruses.
About 16.4% of the 12.7 million new cancer cases in 2008 were attributable to infections. 1 Several viruses are established as carcinogenic to humans (Human T-cell leukaemia virus type I, Human immunodeficiency virus type I, Hepatitis B and C viruses, Epstein-Barr virus, Kaposi sarcoma herpesvirus, Human papillomavirus (HPV), and Merkel cell polyomavirus). [2] [3] [4] [5] In addition, Helicobacter pylori and some parasites are also implicated as carcinogens. 1 All oncogenic infections identified can establish persistent infection in their host. The immune system controls the replication of viruses and immunosuppression is accompanied by a higher cancer incidence and a higher fraction of infectionassociated cancers, [6] [7] [8] [9] implying that the immunosuppression induces an impaired ability to control tumorigenic viruses. Solid organ transplantation is accompanied with immunosuppression and a surge in incidence in immunosuppressionassociated cancers after transplantation. 3, [6] [7] [8] 10 Several cancer forms with greatly increased incidences after transplantation are not known to have a viral etiology. Nonmelanoma skin carcinoma (NMSC) and lip cancer have a highly increased incidence among the immunosuppressed (up to 100-fold), but cancers of the kidney, thyroid, esophagus, larynx, eye, bladder, lung, and colon, as well as endocrine cancers, multiple myeloma, leukemia, and melanoma are also increased. 3, [6] [7] [8] 10 As was pointed out by the 2008 Nobel Laureate Harald zur Hausen, exploration of any further role of infections in cancer is likely to be particularly rewarding if focused on the cancer forms that are increased among the immunosuppressed, but that do not have an established microbiological etiology. 2 However, progress in tumor microbiology has been slow as most studies have typically only focused on one candidate infection or one cancer type at a time.
Metagenomic sequencing of cancer specimens from immunosuppressed patients could overcome this bottleneck. Sequencing without prior sequence-specific amplification can identify a variety of known and unknown microorganisms that may be present in different cancers. We therefore wished to assess which viruses, both known and yet unknown, that may be present in tissue specimens with cancers arising among transplant patients.
Material and Methods

Patients
We linked the Swedish Patient Registry and the Swedish Cancer Registry to identify patients who had developed cancer after transplantation. Diagnosis at least 6 months after transplantation was required, to minimize the possibility that the cancers may have been present already at transplantation. Among the 13,429 patients that had a solid organ transplantation in Sweden from 1964 (first year of registration) to 2011, 4,158 patients (31% of all transplant recipients) had developed cancer after transplantation with a total of 11,127 different cancers (many patients developed several cancers).
The formalin fixed and paraffin embedded (FFPE) diagnostic tumor specimen blocks as well as the diagnostic slides were requested form the archives of the local pathology laboratories. All diagnoses were re-reviewed by a histopathology expert. This study reports the results of the sequencing of the first 98 tumor specimens, from 93 patients. Blocks were sectioned at a quality-assured, certified for-service laboratory (HistoCentre, Gothenburg, Sweden) where the process has been repeatedly validated to ensure uniform and contamination-free sectioning from blocks. As negative controls, empty paraffin blocks were also sectioned, in-between each sample.
The study was approved by the Regional Ethical Review Board of Stockholm (Sweden).
Sample preparation
Four 5 mm sections of both tumor and blank paraffin blocks were subjected to serial nucleic acid extraction using the ExScale Automated DNA/RNA purification kit (art. no. ES-K110210FP) on a MagtrationV R 12GC UV at ExScale Biospecimen Solutions AB (Uppsala, Sweden), following the manufacturer's instructions. Beta-globin real-time PCR assessed sample adequacy. 11 Repeatedly beta-globin negative samples were excluded. All beta-globin positive tumor blocks, together with 6 negative controls (3 water and 3 blank blocks), were subjected to whole genome amplification (WGA) using IllustraTM ReadyTo-GoTM GenomiPhiTM DNA Amplification Kit (GE Health Care, United Kingdom), according to the manufacturer's instructions, with modifications: 2.5 mL of sample was diluted with 22.5 mL PCR-Grade water and 25 mL of denaturation buffer, incubated at 958C for 3 min and then cooled on ice. For the amplification reaction, 50 mL of the denatured samples were added to the Ready-To-Go GenomiPhi lyophilized cake. Samples were incubated at 308C for 7 h and inactivated at 658C for 10 min. Products were dissolved by diluting samples in the ratio 1:2 in PCR-Grade water and quantified with a fluorometric assay using QuantiFluor-ST (Promega).
Sequencing
For each WGA product, 50 ng of DNA were used for DNA library preparation with a dual index system using the Nextera DNA Sample Preparation kit according to the user guide revision B (Illumina). Individual libraries were validated and normalized to 4 nM. The indexed libraries were divided in 3 sets, each set containing 2 of the negative controls (1 water blank and 1 blank block) and sequenced using NextSeq500 (Illumina). Each set of libraries was denatured and diluted, resulting in a 2.6 PM DNA solution. PhiX control was spiked at 1% and the library pool was sequenced by paired-end 151 1 151 cycles using NextSeq500 High Output reagent kit (Illumina). The sequencing preparations were made according to the user guides Denaturing and Diluting Libraries for the NextSeq500 revision A and NextSeq500 kit Reference Guide revision F.
Human papillomavirus testing
Specimens from cervical, hypopharynx, and anorectal cancer were also tested for HPV using HPV-specific PCR followed by typing with multiplexed bead-based HPV-probe hybridization and detection using Luminex (Luminex corporation). 12 Five microliters of the samples were PCR-amplified with MGP-primers. 13 Biotinylated amplicons were hybridized to HPV type-specific oligonucleotide probes coupled to beads. After hybridization, streptavidin-F-Phycoerythrin was bound to the biotin molecules. A 2-color laser allowed detection of the present HPV types by the fluorescence of streptavidin-FPhycoerythrin (indicating that hybridization to the specific HPV type occurred) and the color of the bead (identifying the corresponding HPV type Here, the authors sequenced 89 specimens from patients who had cancer occurring after organ transplantation. They found that a multitude of viruses is readily detectable in cancer specimens among the immunosuppressed, with sequences related to the Mimiviridae and Poxviridae families being the most prevalent.
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14 The real-time PCR was performed twice for each sample and further repeated in case of ambiguity.
Bioinformatics
We used in-house R (www.R-project.org/), python (www. python.org) and bash (http://www.gnu.org/software/bash/) scripts that ran on a high performance (40 core, 2 TB RAM) Linux server. The index tags included in the Illumina library kit were used to assign the sequence reads to the originating samples. Sequences from the NextSeq500 were first trimmed according to their Phred quality scores. 15 Reads were then screened against the human reference genome hg19, as well as bacterial, phage and vector sequences downloaded from GenBank using BWA-MEM 16 and reads with >95% identity over 75% of their length to human DNA were removed. The rest of the sequences were normalized (http://ged.msu.edu/ papers/2012-diginorm) to discard redundant data and reduce sampling variation and sequencing errors.
The normalized dataset was assembled using the Trinity, 17 SOAPdenovo-Trans (http://soap.genomics.org.cn/) and IDBA-UD 18 assemblers into contiguous sequences (contigs). Reads before assembly were re-mapped to assembled contigs. The use of several assembly algorithms and re-mapping of all singleton reads to assembled contigs was used to validate assembly results. 19, 20 Assembled contigs were then subjected to taxonomic classification using GenBank and paracel blast (www.paracel.com) to classify them as (i) previously known sequences, (ii) related to previously known sequences, or (iii) unrelated to any previously known sequences. Specimens were considered positive if at least 5 reads were detected. All papillomavirus-related contigs and singletons were checked to identify possible artifactual "chimeric" sequences (contigs containing sequences originating from different viruses). 19 A hidden Markov model algorithm (HMMER) 21 searched for distant homologs of already known viruses among the contigs that BLAST algorithm failed to identify (classified as "unrelated to any previously known sequences" by BLAST). HMMER is designed to identify remote homologs by implementing profile hidden Markov models. As reference database, we used the database of viral profile hidden Markov models (vFams) from all the virally annotated proteins in RefSeq (http://derisilab.ucsf.edu/software/vFam).
22
We selected HMMER hits with e-value less than 1e-5. If sequences had hits with several different virus families, the hit with the lowest E-value was used. Each previously not described contig within a virus cluster was assigned a different contig number (SE-number), if the sequence did not overlap with other contigs related to the same cluster.
Results
The 89 cancer specimens were all positive for beta human hemoglobin when subjected to real-time PCR, while the 89 corresponding blank blocks were all negative. All cancer specimens were sequenced together with "mock-extracted DNA" from sections of 3 blank paraffin blocks, to provide information regarding background DNA sequences from the blocks, as well as 3 negative water controls. Most of the reads (>80%) were classified as human and bacterial and only a small fraction of the reads (<0.01%) mapped to viruses (Table 1) .
From the 62 NMSCs, the BLAST-based analysis identified 38,528 viral reads related to 9 different virus families ( Table  2 ). In total, 22/62 NMSC specimens were positive with at least 5 viral reads for any virus. The most commonly detected virus family was Mimiviridae, detected in 9/62 specimens (15%) with 1,150 reads, followed by Papillomaviridae detected in 7/62 specimens (11%) with 25,562 reads (HPV types 15, 31, 38, and 53), Retroviridae (5/62 specimens, 8,852 reads) and Poxviridae (5/62 specimens, 884 reads) ( Table 2) .
The contigs that were not classified (unrelated to any previously known sequence) by BLAST from the 62 NMSCs were also analyzed using the HMMER-based bioinformatics pipeline. HMMER detected 96,658 virus reads and revealed 86 previously not described viral contigs (also not detected by the BLAST-based pipeline) related to 10 viral families (Alloherpesviridae, 4 contigs; Baculoviridae, 10 contigs; Taxonomic classification by BLAST analysis NMSC: Nonmelanoma skin carcinoma. 11 The classification "other" included reads that mapped to contigs with similarities to other sequences present in GenBank (e.g. plants, plant viruses, synthetic constructs and other sequences in GenBank) and are often seen as a result of polymerase background reactivity. 22 The classification "unknown" included reads that mapped to contigs that did not give any hit to genomes deposited in GenBank. Six negative controls were also analyzed (3 blank paraffin blocks and 3 water blanks). Unclassified virus families correspond to previously described virus sequences that have yet not been assigned to a taxonomic family. Viral clusters originally detected in an environmental sample are marked environmental (ENV). Only specimens with at least 5 reads of a certain contig are considered to be positive for that sequence NMSCs: Nonmelanoma skin cancers; # pos: Number of positive specimens; ENV: environmental. 
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Herpesviridae, 1 contig; Iridoviridae, 6 contigs; Marseilleviridae, 1 contig; Mimiviridae, 16 contigs; Nanoviridae, 1 contig; Phycodnaviridae, 21 contigs; Polydnaviridae, 2 contigs; Poxviridae, 4 contigs) as well as unclassified (virus clusters which are constructed from viral sequences that do not share one viral family or do not belong to any viral family and have yet not been assigned to any taxonomic family) ( Table 2 ). In total, 39/62 NMSC specimens were positive for any virus (Table 2) . Also in the HMMER analysis Mimiviridae was the most common virus family, detected in 45.2% of the NMSC specimens (28/62 specimens, 4,382 reads), followed by "unclassified" viruses (26/62 specimens, 57,254 viral reads), Phycodnaviridae (19/62 specimens, 12,412 reads) and Baculoviridae (3/62 specimens, 20,406 reads) ( Table 2 ). The 2 blank paraffin blocks were negative for viruses when analyzed with the BLAST-based pipeline, while 1 of 2 water controls showed 2 reads (below the cut-off for positivity) belonging to Phycodnaviridae ( Table 2 ). The HMMERpipeline revealed no virus related reads in one of the blank paraffin blocks, while sequences related to Alloherpesviridae (3976 reads), Baculoviridae (1730 reads), and Phycodnaviridae (122 reads) were found in the other blank block (Table  2) . One water control was positive for Phycodnaviridae (12 reads) and the other water control was positive for "unclassified" viruses (128 reads) ( Table 2 ).
In total, 27 specimens from 24 patients were other cancers than NMSC (Table 3) . Three of the patients had 2 different cancers with different diagnosis dates (melanoma 1 kidney, lip 1 melanoma and colon 1 colon). BLAST analysis of the sequences from these cancers identified 1402 viral reads related to 4 different virus families (Table 2 ). In total, 5/27 cancer specimens were positive for any virus (Table 2) . HPV was found in 1/1 hypopharynx cancer (HPV 16) and in 1/4 cervical cancers (HPV 51). Other viral sequences detected were from Poxviridae, found in 1/1 hypopharynx and 1/5 melanomas, and from unclassified virus families, found in 1/ 1 biliary passages/liver (related to Faustovirus) and 1/5 melanomas (related to uncultured marine virus) ( Table 2) .
The HMMER analysis of the contigs that were unknown ("unrelated to any previously known sequence") by BLAST revealed 16 viral contigs related to 5 virus families (Baculoviridae, 1 contig; Marseilleviridae, 1 contig; Mimiviridae, 5 contigs; Phycodnaviridae, 1 contig; Poxviridae, 1 contig) and unclassified (7 contigs) with a total of 548,266 viral reads ( Table 2 ). All 27 cancer specimens were positive for Mimiviridae (76,174 reads), Poxviridae (369,434 reads) and "unclassified" viruses (101,882 reads) ( Table 2 ). Most of the reads related to the Mimiviridae cluster (99%, 75,452 reads) mapped to a previously not described viral contig of 911 bp (designated Mimivirus SE996) whereas the rest mapped to 4 other novel contigs. All reads related to Poxviridae mapped to a previously not described contig of 841 bp (designated Poxvirus SE995). In addition, all except one specimen (1/2 kidney cancers) were positive also for a novel contig of 703 bp (746 reads) that clustered to Phycodnaviridae (Table 2) . One specimen (1/1 cancer of the biliary passages and liver) was positive for Marseilleviridae (22 reads) ( Table 2 ). The 3 patients with 2 tumors analyzed each were in the HMMER analysis positive for the same virus clusters in both their cancers, but negative in the BLAST analysis.
The blank paraffin block was negative for viruses while the water negative control revealed 4,412 unclassified viral reads (related to Faustovirus) in the BLAST analysis. 3 of 6 viral families identified in the HMMER analysis in the 27 non-NMSC cancers were also present in the blank paraffin block (Mimiviridae, 3,498 reads; Phycodnaviridae, 30 reads and Poxviridae, 21,204 reads). The water control showed only 2 virus reads related to Poxviridae. All the previously not described contigs detected with HMMER analysis (designated SE825, SE833, SE847, SE870, SE871, SE903-SE999) have been deposited in GenBank.
HPV detection
7 specimens were HPV genotyped with Luminex. HPV was detected in 1/1 hypopharynx cancer (HPV 16, also detected by sequencing), in 2 of 4 cervical cancers (one single infection of HPV 59 and a double infection of HPV 51 (also detected by sequencing) and HPV 66), whereas 2/2 rectal cancers were negative. All 98 cancer specimens were also tested for HPV 197 with real-time PCR. Only one specimen was positive, an NMSC with a viral load of <0.5 copies/lL.
Discussion
We found that sequencing of cancers from immunosuppressed patients readily detects a large number of viruses. The most commonly detected viruses were from the Mimiviridae and Poxviridae families. It is particularly noteworthy that (i) the most common viruses were so distantly related to known viruses that they were only detectable in the HMMER analysis and that (ii) some previously not described contigs, in particular Mimivirus SE996 and Poxvirus SE995, were found in a large proportion of the tumor specimens. We selected specimens for sequencing based on nationwide registry linkages identifying all cancers that had occurred after organ transplantation in a whole country, implying generalizability of findings. Another strength of the study is our approach to sequence all DNA in the sample, not only the DNA of some viruses in advance perceived to be of interest. Although the deep sequencing technology used is routine (Illumina) and the bioinformatics analyses of sequences used to identify sequences distantly related to known viruses (HMMER) are well known, they have not jointly been applied to unambiguously defined tumor series before. The advantage of HMMER is clearly shown by comparison with the BLAST analysis: only 44,344 viral reads were detected, while 65 million reads were classified as "unknown". It was among these by BLAST "unknown" sequences that HMMER identified no <102 previously not described viral contigs.
The use of FFPE specimens for sequencing may have resulted in that some viruses may have escaped detection, if there is degradation of viral DNA. However, the sequencing depth (1x of the human genome) should have resulted in detectability of viral sequences if present at approximately 1 copy per cell. Also, the short reads of the Illumina sequencing system results in that also fragmented DNA can be sequenced and re-assembled. Comparison with PCR data on HPV detection did indicate that a substantial proportion, but not all, of the viruses detectable by PCR were detectable by the sequencing.
We used whole genome amplification (WGA) to increase the amount of DNA before sequencing. As WGA may amplify different sequences with different efficiency, 23 probably because of preferential amplification of particular genomic regions during initial WGA priming events 14, 24, 25 and more efficient amplification of circular DNA, the number of reads detected only partly reflect the amount of virus present in the sample, but the relationship is not completely linear and number of reads is therefore not a linear measure of the amounts of virus present.
As previously not described contigs within a virus cluster were assigned a different contig number if the sequence did not overlap with other contigs, different new contigs described in this report may be nonoverlapping sequences belonging to the same virus and the total number of new contigs described may thus represent a lower number of new viruses. Finally, it should be noted that we sequenced DNA and that any RNA viruses present would have escaped detection.
Our finding that most viral reads detected by the BLAST analysis in NMSC specimens (66%) belonged to the Papillomaviridae has also been reported in other studies. 14, [26] [27] [28] TTviruses are highly prevalent in serum and/or blood 14, [26] [27] [28] [29] and their presence has also been detected in tumor tissues. 14, [26] [27] [28] 30 However, as described by Takahashi et al.,
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since TT-viruses are present in blood and immune cells, it is difficult to accurately determine whether the viral DNA detected derived from the tissue cells analyzed or from the blood. In this study, we used FFPE tissues and we did not detect any TT-virus, similar to a previous study. 14, 19, [26] [27] [28] By the use of the HMMER bioinformatics pipeline on sequences that remained unclassified by BLAST, we were able to detect many novel viruses. Our finding that the virus family detected most commonly in specimens with cancers of the immunosuppressed was Mimiviridae has not been reported before. The first member of Mimiviridae (a genus of giant dsDNA viruses) was discovered in 2003. 29 The Mimivirus replicates in amoeba 30 which is the best known natural host, and has also been isolated from a patient with pneumonia. 31 It has also been suggested to be a risk factor in triggering autoimmunity to collagens. 32 Mimiviruses detected by HMMER in this study were not detected by BLAST and they are only distantly related to any known virus and thus, there is no previous epidemiological knowledge for these viruses. The fact that some new Mimi and Poxviruses were detected in the control specimens suggests that some of the new viruses may be environmental viruses. Because of the high cost of whole genome sequencing, it was not possible to sequence >6 controls. Our study highlights that a high attention to the use of negative controls in sequencing studies, to control for possible detection of environmental microbes, is required. This report contains 21 previously not described Mimiviridae contigs, with the most prevalent contig (SE996, 911 bp) being detected in 27 cancer specimens. A tumor specimen may also contain viruses present in adjacent normal tissue or in other components of the tumor tissue block than the exact cancer cells. Therefore, it is possible that the detected viruses that were present in the tumor tissue blocks may not have been present in the cancer cells themselves.
Our report of frequent presence of Poxviridae, found in 32 cancer specimens, is also novel. Poxviridae are a family of large linear dsDNA viruses, several causing benign skin lesions (like the Molluscum contagiosum virus). We report 5 previously not described Poxviridae contigs, where the most prevalent novel contig (SE995, 841 bp) was detected in 27 cancers, with a total of 369434 reads. The third most prevalent virus family was Phycodnaviridae, large dsDNA viruses that infect eukaryotic algae in marine or freshwater.
In conclusion, the current study has found that several virus families are readily detectable in cancers occurring after immunosuppression. Further research is needed to quantify exactly which viruses are found in which cancers as well as to elucidate whether presence of virus in these tumors has biological significance.
Infectious Causes of Cancer
